Golf courses are an increasingly prominent feature across the urban landscape. Most courses contain streams that pass through the course grounds and have the potential to chemically, biologically, and physically alter these streams and their aquatic ecosystems. This study assessed the impact of five golf courses in Greenville, South Carolina on stream water temperature. Courses were selected that had continuous, tributary and lake free reaches that passed through the golf course grounds. At each course, stream water temperature was measured at 5 minute intervals from July -October 2008 just upstream and downstream of the course. Under baseflow conditions during the period of record, the sites downstream of the courses exhibited (1) elevated stream water temperatures (on the order of 3 -4 °C during the afternoon hours) and (2) increased diurnal temperature ranges (1 -4 °C larger) compared to their upstream counterparts. The observed temperature differences between the upstream and downstream sites at each course were primarily due to the lack of riparian cover along the golf course reaches. The magnitude of the temperature differences among the courses was largely a function of stream discharge. Although the impacts of these temperature modifications on the ecology, biology, and chemistry of the stream system were not assessed, the changes are large enough to be of ecological concern. New golf course guidelines that recommend or require the retention of sizable vegetated buffers along stream banks that shade the streams may be necessary to help protect the health of these aquatic ecosystems.
INTRODUCTION
Golf courses have become a prominent feature within urban and rural landscapes, with an estimated 35,000 courses globally [1] , about half of which are located in the United States. Most golf courses incorporate one or more streams into their layout, typically for aesthetics, as a water hazard, and/or as a source of irrigation water for the turf. These courses, depending on their design and management, have the potential to negatively impact streams and their aquatic ecosystems, chemically, biologically, and physically.
Common golf course practices or design features that could alter a stream's aquatic ecosystem include the entry of pesticides and fertilizers into the stream via runoff or groundwater flow, reconfiguration and channelization of streams, increased erosion and stream turbidity, particularly during the construction phase of the course, and removal and/or cutting of vegetated buffers along the stream banks. Previous books [2] [3] [4] have highlighted the need to protect the aquatic environment from golf course development and operation. Many previous studies [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] have documented changes and impacts that golf courses have had on stream water chemistry, but relatively little research has looked at the impacts courses are having on physical water quality parameters like stream water temperature.
Stream water temperature is an extremely important water quality parameter and significantly impacts the health of stream ecosystems. It not only influences the biological functioning of a stream including the survival, reproduction, physiology, and metabolic rates of many aquatic species, but also governs many important physical and chemical water quality characteristics and processes, including chemical reaction rates, chemical toxicity, microbial activity and productivity, and the solubility of gases like oxygen [19] [20] [21] . Most aquatic organisms have a specific range of temperatures they prefer, and are very susceptible to changes and fluctuations in water temperature [20] . Permanent shifts in the stream temperature can render formerly suitable aquatic habitats unsuitable for native species [22] .
Golf courses can impact stream water temperature through a number of mechanisms including reductions in base flow (from direct pumping or lowering of the water table due to ground or surface water withdrawals for turf irrigation), changes to the natural flow regime associated with channel reconfiguration and/or the addition of ponds and water features, and the reduction in shading of streams due to the removal and cutting of the vegetated buffers along stream banks.
With the large number of golf courses already in use and the continued development of golf courses globally, assessing and quantifying the impacts golf courses are having on stream temperatures is critical for documenting the magnitude of these changes and helping to develop strategies and guidelines that will protect the health of the stream. The purpose of this study was to assess the impact of five different golf courses in Greenville, South Carolina on the stream water temperature.
MATERIALS AND METHODS
Five golf courses in Greenville County, South Carolina were selected that had continuous, tributary free, lake free reaches that passed directly through the golf course. The names of the courses will not be revealed in this paper to protect their anonymity, but they are all 18 hole courses within twenty miles of downtown Greenville, South Carolina, which is located in the northwest corner of the state.
Temperature loggers (HOBO Water Temp Pro V2 Data loggers 1 ), which measure water temperature at a predetermined frequency, were installed in the stream where the stream enters the golf course and where it exits the golf course. The loggers have an accuracy of ±0.2°C from 0° to 50°C and a resolution of 0.02°C at 25°C. Sensors were secured in the stream water column using zip ties attached to cinder blocks or a piece of rebar driven into the stream bottom. Conscious efforts were made to locate the upstream and downstream sensors in similar flow regimes (riffles with similar water depth and flow velocity), similar sandy substrates, and similar shade characteristics to help ensure that any observed differences in the upstream and downstream temperature readings were due to the influence of the golf course reach and not local logger placement.
Stream water temperature was measured at 5 minute intervals from July 1 through October 31, 2008 , and the data were offloaded monthly. In addition to stream temperature, stream discharge was manually measured using a current meter under baseflow conditions at the downstream logger location in August 2008, and the length of the golf course reach between the upstream and downstream loggers was determined from topographic maps and aerial photographs ( Table 1) . A visual assessment of the extent of riparian cover along the stream banks and any human alterations (e.g., channel reconfiguration, rip-rap) to the stream's channel morphology along the golf course reach were also noted.
RESULTS
The water temperatures up and downstream of each course exhibited a diurnal periodicity (Fig. 1) . During a typi-cal day in the summer and fall, water temperatures peaked mid-afternoon (1:30 -4 PM) and troughed in the early morning hours (5:30 -7 AM), with the timing of the highs and lows more or less synchronous between the upstream and downstream sites (Fig. 1) . Seasonally, the average daily water temperatures were higher during the summer months (July and August) and gradually diminished into the fall (September and October) (Fig. 1) .
The magnitude of the temperature difference between the downstream and upstream sites varied among the courses (Figs. 2 and 3) . The data are plotted absolutely to show the magnitude of the differences ( Figs. 2A and 3A) , but also as a function of stream length to allow for more comparable comparisons (Figs. 2B and 3B). Stream discharge varied among the courses ( Table 1 ) and was inversely related to the observed temperature differences (Fig. 4) . GC 4 which had the largest discharge had the smallest observed temperature change per length of golf course reach while GC 5 which had the smallest discharge had the largest observed temperature change per length of golf course reach. GC 1, 2, and 3 which had fairly comparable discharge had similar observed temperature differences, at least for July, August, and September (Fig. 2B) .
The size of the temperature difference between the downstream and upstream sites varied temporally at each site on both a monthly and diurnal basis (Figs. 2 and 3) . The downstream water temperatures were consistently warmer than the upstream temperatures, except during the late evening and early morning hours. The magnitude of the temperature differences (downstream temperature -upstream temperature) exhibited a diurnal periodicity, reaching a maximum during the mid-afternoon hours and a minimum during the evening and early morning hours (Fig. 3) . On a monthly basis, the average temperatures were warmer downstream than upstream except in October at GC 1 and GC 4 where they were slightly cooler (Fig. 2) . The size of the average difference diminished from July through October at all five sites (Fig. 2) .
In addition to the changes in temperature, differences in the diurnal temperature variability were also observed between the downstream and upstream sites (Fig. 5) . The downstream sites had a larger average diurnal temperature range compared to the upstream sites at all five courses for every month monitored. In general, the magnitude of the water temperature diurnal variability diminished from summer to fall, but the trend and magnitude of the differences in the variability between the downstream and upstream sites was not consistent among courses. At GC 3, 4, and 5 the size of the difference in the variability between the downstream and upstream sites progressively diminished from July to October, but at GC 1 it progressively increased and at GC 2 it wavered. 
DISCUSSION
Stream water temperature is a measure of the concentration of heat energy in the water, and is governed by a combination of external (meteorological conditions including solar radiation, air temperature, wind, humidity, and cloud cover) and internal (discharge, groundwatersurface water exchange, substrate composition, riparian cover, channel width and depth) drivers [22] . The observed daily periodicity in water temperature at both the upstream and downstream sites is in response to natural daily fluctuations in solar radiation and air temperature (Fig. 1 ) [23, 24] . The seasonal temperature pattern is driven by the seasonal cycle of incoming solar radiation and day-length. Higher air temperatures and greater solar radiation for longer amounts of time yield higher water temperatures. Therefore, for the period of record, the stream temperatures were highest during the summer months and during the hottest parts of the day (1:30 -4 PM) and lowest during the fall months and coolest parts of the day (5:30 -7 AM).
The observed differences in water temperature between the downstream and upstream sites and among the courses are attributed to differences in the internal, not external, drivers. The five courses are in close proximity (within 25 miles) of each other and were exposed to similar external meteorological conditions. The elevated downstream day temperatures, depressed night temperatures, and increased diurnal temperature variability observed below each golf course are attributed to the lack of canopy cover along the golf course reach. The reaches upstream of the golf courses had extensive canopy cover (>50%) while large sections of the golf course reaches were devoid of any vegetated buffer on one or both sides and as such were fully exposed. Canopy cover provides shade, blocks solar radiation, and helps insulate a stream from the heat of the day and the cold of the night [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . It is common practice at golf courses to remove and routinely cut the vegetated buffer along the stream's riparian zone. Full exposure of the stream's surface to direct solar radiation will lead to warmer stream temperatures (Figs. 2 and 3) and greater diurnal temperature variability (Fig. 5) . At night, the lack of insulation from the canopy causes the golf course reaches to cool off more readily (Fig. 3) . Collectively, the impacts associated with the lack of canopy cover will be most pronounced during the peak solar hours (early -mid-afternoon) and summer months and explain the observed diurnal and seasonal pattern in the downstream minus upstream temperatures (Figs. 2 and 3) .
Although other internal drivers besides the extent of riparian cover (i.e., discharge, groundwater-surface water exchange, substrate composition, and channel width and depth) can cause water temperature to vary along a stream reach [22] , a comparative look at the characteristics of these drivers between the upstream and in course reaches at each course found them to be quite similar. A stream's discharge will largely dictate its ability to store and release heat energy. The larger the discharge, the more time and energy it will take to heat or cool a water body. As such, any sizable change to the volumetric flow in the stream as it travels through the golf course (withdrawals or changes in groundwater -surface water interactions) will affect its thermal capacity and thus its temperature. Golf courses commonly withdraw water from streams that pass through their grounds to irrigate the turf. The withdrawals reduce flow and, in the process, reduce the thermal buffering capacity of the stream and cause the temperature to increase, but none of the five courses assessed in this study remove water directly from the stream for turf irrigation. Each course has a separate, isolated pond reservoir on site designated for this purpose.
Channel morphology [22, 38, [41] [42] [43] and substrate [40] can also impact stream temperature. Increased complexity and heterogeneity in channel pattern, streambed topography, and bottom substrate can produce spatial variations in stream temperature [22] , but field inspection of the upstream and in course reaches found similar morphologies with similar widths, depths, and bottom substrate composition within each course. There was no visual field evidence to suggest that channel morphology, substrate composition, or differences in discharge were primarily responsible for the observed temperature changes downstream at any of the courses.
In contrast, the difference in the magnitude of the observed change in stream temperature among the courses was largely due to differences in the stream discharge among the sites. The external drivers along with the presence or lack of riparian cover will dictate the heat load applied to the stream surface, but the discharge will largely govern the magnitude of the temperature response. Streams with larger discharge (GC 4) will be less impacted by the lack of riparian cover relative to those with smaller discharge (GC 5) (Fig. 4) . Small streams passing through golf courses with no riparian cover will thus be particularly vulnerable to temperature changes.
The significance of the observed differences in downstream temperature and downstream temperature variability on the stream's biological functioning and biodiversity is unknown, but likely to be important. Temperature is one of the most important environmental parameters regulating stream ecosystems [21] . It exerts a strong influence on many physical and chemical characteristics of water and is one of the primary underlying variables driving or constraining a range of biotic and abiotic processes in streams [44] . Fluctuations in water temperature can induce behavioral and physiological responses in aquatic organisms, and permanent shifts in stream temperature regimes can render formerly suitable habitat unusable for native species [22] . Cold freshwater fish depend on consistently cool stream temperatures for sustained habitat and survival. 26°C is typically considered the threshold temperature above which stream temperatures become detrimental, and above 30°C often lethal, for many cold freshwater fish species [3] . As water temperature reaches into the upper 20°Cs, dissolved oxygen levels decline and many forms of aquatic life enter into a condition of stress [3] . Upstream of the golf courses, for the period of study, the 26°C threshold was reached never at one site (GC 3), occasionally at three of the sites (GC 1, 2, and 5), and frequently at the other site (GC 4) during the summer months, but never at any of the upstream sites was the 30°C lethal limit breached (Fig. 1) . In contrast, downstream of the courses, the 26°C threshold was routinely exceeded at all five sites, and the 30°C limit exceeded repeatedly at three sites (GC 1, 2, and 4) (Fig. 1) . The changes in downstream temperature on account of the golf courses appear large enough to stress, and in some cases kill, species within the aquatic community. In addition, aquatic species are not only sensitive to threshold temperatures, but also sensitive to changes in the temperature variability [20] . The golf courses increased the average diurnal variability at all five sites by as much as 4°C (Fig. 4) . These impacts are potentially large enough to alter the downstream community composition [45] [46] [47] .
CONCLUSIONS
Although golf courses often serve as green space in an otherwise urban or suburban environment, the results from this study have shown that they can significantly alter the water temperature of streams that pass through their grounds. The comparative analysis of stream water temperature at the five different golf courses showed that the lack of riparian cover along the golf course reaches elevated downstream temperatures by as much as 3 -4 °C during the afternoon hours in the summer and increased the downstream average diurnal temperature variability by as much as 4 °C within a month. The magnitude of the temperature differences among the courses was largely a function of stream discharge, with smaller streams significantly more impacted. Although the ecological effects of such changes are unknown at these specific sites, the magnitude of the changes is large enough to potentially be detrimental to the stream's aquatic community. The results suggest that golf courses should make concerted efforts to establish and maintain vegetated riparian buffers that would shade the stream and in the process help protect the aquatic ecosystem. In addition to helping mitigate changes to stream temperature, these buffers would presumably provide habitat and corridors for various terrestrial and aquatic species and would help filter and reduce the nutrient loads delivered to the streams from course runoff.
